The effect of carbon nanotube (CNT) size on the wear properties of Cu-based CNT composite electrode in electrical discharge machining (EDM) was studied. Cu-based CNT electrodes were fabricated by electroplating using a copper sulfate plating bath containing three kinds of CNTs. EDM was performed on stainless steel to evaluate the wear properties of the electrodes. Single pulse discharge was performed to evaluate the craters generated on the electrode surface. The wear ratios of Cu-based CNT composite electrodes decreased by 50-72% in relation to those of electrolytic Cu electrodes. The wear resistance of the composite electrodes was dependent on CNT size. It increased as the length and thickness of CNTs increased. The mechanisms of wear resistance in Cu-based CNT composite electrodes are discussed through observation and analysis of craters formed by single pulse discharge. The diameters of the craters are almost identical and largely independent of the size and presence of CNTs, indicating that CNT addition does not improve the thermal conductivities of the electrodes. Hence, the increase in wear resistance is independent of thermal conductivity. Exposed CNTs observed in craters on electrodes containing large CNTs with high wear-resistance properties do not decrease in diameter via electrical discharge, indicating that large CNTs can be resistant to pyrolysis at the melting points for Cu and Fe. It is suggested that the carbon layer with exposed CNTs on the electrode surface prevents the electrode from spark erosion in a manner identical to that of turbostratic carbon.
Introduction
In recent years, micro-electrical discharge machining (micro-EDM) using 3D surface electrodes or microelectrodes has been applied to microfabrications such as micro metal molds, narrow pitch core pins, and several kinds of nozzles (1) (2) (3) (4) . The improvement of the wear properties of these electrodes has received considerable attention from the standpoint of precision, efficiency, and cost of micro-EDM (5) (6) (7) (8) . It has been experimentally shown that the low wear properties of electrodes are related to the high thermal conductivity and high melting point of the electrode materials. At manufacturing sites, Cu-W electrodes composed of tungsten, which has a high melting point, and copper, which has high thermal conductivity, are used as low wear electrodes for micro-EDM. In a recent study, the low wear properties of electrically conductive diamonds with a high thermal conductivity of about 600 W/mK, have been investigated (9, 10) . However, it is difficult to fabricate diamond microelectrodes because diamond is a hard material. Carbon nanotubes (CNTs) are increasingly attracting scientific and technological interest as functional fillers for producing composites of metallic and nonmetallic constituents (11, 12) . The thermal conductivity of CNTs, which is about 1800 W/mK, is much higher than that of copper or electrically conductive diamonds. Recent studies on Ni-based CNT composite coating methods using electroless codeposition and electrocodeposition have reported that the friction, wear, thermal properties, and grain retentivity of electroplated diamond tools are improved by codepositing CNTs in the matrix (11, (13) (14) (15) .
Although these findings suggest that CNT composite coatings would be effective in improving the wear properties of electrodes in micro-EDM, there are no experimental data in the literature on the low wear properties of CNT composite electrodes. Thus, in a recent study, we fabricated Cu-based CNT composite electrodes using a copper sulfate plating bath containing CNTs. The wear properties of the Cu-based electrodes in EDM were improved by codepositing CNTs into the Cu matrix (16) , suggesting that Cu-based CNT composite electrodes may be attractive tools for microfabrication. However, there are no data on the effects of CNT size (i.e., diameter and length), in the previous literature (16) . Moreover, there are few discussions regarding the mechanisms of low wear properties caused by incorporating CNTs in Cu-based electrodes. The aim of this study is to investigate the effects of CNT size on the wear properties of CNT composite electrodes in EDM and to identify the wear mechanisms. We used three kinds of Cu-based CNT composite electrodes, each consisting of CNTs differing in size. We then investigated the wear properties of these Cu-based composite electrodes. We compared the craters generated on Cu-based CNT composite electrodes in terms of their size, morphology, and elemental composition in order to confirm the contribution of CNTs to electrical discharge. Table 1 shows the three kinds of commercially available multiwalled CNTs that were used: S-MWNT60100 (Shenzhen Nanotech Port Co., Ltd), VGCF-H (Showa Denko KK), and NC7000 (Nanocyl S. A.), which were denoted as CNT1, CNT2, and CNT3, respectively. They were synthesized by several methods based on chemical vapor deposition processes. Typically, the diameters and lengths of CNT1, CNT2, and CNT3 were 60-100 nm and 1-2 µm, 150 nm and 10-20 µm, and 9.5 nm and 1.5 µm, respectively. The thermal decomposition temperatures of CNT1, CNT2, and CNT3 were 652 °C, 500-600 °C and 481 ± 20 °C in an oxidizing atmosphere, indicating little difference among CNTs. As EDM is performed in hydrocarbon oil (in a reducing atmosphere), CNTs could be resistant to pyrolysis at the thermal decomposition temperature. Five kinds of Cu-based electrodes were used. Table 2 lists the electrode specifications. Electrode A (Cu) was a pure copper plate (99.99%). Electrodes B, C, D, and E were deposited on stainless steel by electroplating. The electrodeposited Cu coatings on stainless steel were almost 80 µm thick. Electrode B (EP-Cu) had a normal electroplated Cu coating without CNTs. Electrodes C(Cu-CNT1), D(Cu-CNT2), and E(Cu-CNT3) were coated with Cu-based CNT composites containing CNT1, CNT2, and CNT3, respectively. These electrodes were used for EDM after polishing the surface with sandpaper (#2000). Table 3 lists the conditions of the plating bath and its operation for Cu-based CNT composite coatings, which were deposited on the substrates by electroplating using a copper sulfate plating bath under galvanostatic conditions. The plating bath consisted of CuSO 4 the plating bath after being dispersed by intermittent ultrasonic vibration (200 W, 5 min, duty 50%, in water) using an ultrasonic horn 7mm in diameter, and cation surfactants to improve their dispersibility in aqueous solutions. The substrates, which were used as the anodes, were prepared by polishing, solvent cleaning, and acid cleaning (in this order) to improve their bonding strength with the Cu-based coatings and to prevent the coatings from peeling off during EDM processes. A pure Cu plate was used as the cathode. The current density was controlled at 6 A/dm 2 by a galvanostat. The plating bath was maintained at 25 °C using a water bath and was agitated by bath sonication during plating. Ultrasonic vibration improved the dispersibility of CNTs in the plating bath, and therefore, improved the surface roughness of the CNT composite coating (16) . Table 4 lists the EDM conditions. EDM was performed on stainless steel to evaluate the wear properties of the electrodes. Single pulse discharge was performed on SKD11 to evaluate the craters generated on the electrode surface. The wear properties of the electrodes were evaluated by considering the ratio of the electrode wear length to the workpiece removal depth. Figures 1(a), (b) , and (c) show the scanning electron microscope (SEM) images of CNT1, CNT2, and CNT3, respectively, treated by ultrasonic vibration in water. CNT2 were partially cut by ultrasonic vibration, and the average length of CNT2 decreased to almost 10 µm. CNT1 and CNT3 were not cut by ultrasonic vibration.
Experimental Procedure
･ 5H 2 O (200 g/L), H 2 SO 4 (50 g/L), Cl
Results and Discussion
Figures 2(a), (b), and (c) show the particle size distributions of CNT1, CNT2, and CNT3, respectively. The CNT particles were treated by ultrasonic vibration, measured by a dynamic light scattering method, and calculated as spherical particles by Marquardt's method. Two peaks appeared in the particle size distribution of CNT2 because the CNTs were cut by ultrasonic vibration. The main peaks for each CNT were found at particle sizes below 1 µm. These values were practically sufficient for forming uniform composite electroplatings. This is likely due to the large specific surface area of CNT3. Figure 4 shows volume fraction of CNTs in Cu-based CNT composite electrodes analyzed by electron probe microanalysis (EPMA). The volume fractions of CNTs in electrodes C, D, and E are 11.7 %, 11.1% and 20.4%, respectively. The volume fraction of CNTs in electrode E is larger than that in electrodes C or D. This result agrees with the SEM observations, and is explained by the numerous CNTs adsorbed on the surface of electrode E. Figure 5 shows the wear ratios for electrodes A, B, C, D, and E. The wear ratio was defined as the ratio of the electrode wear length to the workpiece removal depth measured at the center of the electrical discharge area on each electrode. Each experiment was repeated at least five times. The error bars in the figure represent standard deviations. The discussion here will focus on the effect of CNT size on the wear properties of Cu-based electrodes in EDM.
The mean wear ratios of Cu-based CNT composite electrodes (C, D, and E) were lower than those of Cu electrodes (A and B). Although electrodes A and B consist of the same components, electrode A has a lower wear ratio than electrode B. This difference is due to the purity of the Cu matrix. It is difficult to prevent electrolytic copper from containing contaminations like additives in the electroplating process. The wear ratio of electrode C was almost the same as that of electrode E. The wear ratios of electrodes C and E decreased to almost 50% of that of electrode B by adding CNT1 and CNT3, respectively. CNT1 is 60-100 nm in diameter and 1-2 µm in length. On average, CNT3 is 9.5 nm in diameter and 1.5 µm in length. Electrode D had the lowest wear ratio among all electrodes tested. The wear ratio of electrode D decreased to 28% of that of electrode B by adding CNT2, which is 150 nm in diameter on average and 10-20µm in (c) Electrode C (Cu-CNT1) length. It should be emphasized that the wear ratio of the electrodes was not related to the volume fraction of CNTs in the electrodes shown in Fig. 4 . The average length of CNT2 is almost 10 times that of CNT1 or CNT3. The average diameter of CNT2 is almost twice that of CNT1 and almost 15 times that of CNT3. The improvement in the wear ratio can be related to the size of CNTs contained in the Cu matrix. The results indicate that the wear ratio of CNT composite electrodes decreases as the length and diameter of CNTs increase. Figures 6(a), (b) , (c), (d), and (e) show SEM images and X-ray images (C-Kα) of craters formed by single pulse discharge on Cu-based electrodes A, B, C, D, and E, respectively, analyzed by EPMA. The shapes of the craters and the carbon distributions in/around the craters on the Cu-CNT composite electrodes are discussed here. The SEM images show that the diameters of the craters on electrodes A, B, C, D, and E are almost identical. From previous work, it was known that the crater diameter is related to the melting points and thermal conductivities of the electrode materials. The results indicate that adding CNTs does not macroscopically improve the thermal conductivities. This is attributable to an insufficient supply of CNTs, which have a much higher thermal conductivity than copper, in the Cu matrix.
The X-ray images of C-Kα show that some carbon adhered to all electrode surfaces after single pulse discharge. Figures 6(a) and (b) show that carbons were present around the craters on electrodes A and B, respectively. These carbons were generated exclusively from working oil because electrodes A and B did not contain carbon components. Figures 6(c) and (d) show that carbons were present not only around, but also inside, the craters on electrodes C and D, respectively. These latter carbons originated from the electrodes containing CNTs because there is no carbon inside the craters on electrodes A and B. Compared to electrode C, there is a high quantity of carbon inside the craters on electrode D. Figure 6 (e) shows that there is no carbon inside the craters on electrode E even though (c) Electrode D (Cu-CNT2) the electrode contains CNTs. As CNT3 was extremely thin and short, it was likely removed with the copper matrix by electrical discharge. Figure 7 (a) shows an SEM image of CNTs inside a crater on electrode C after a single pulse discharge. We observe that some CNTs are adsorbed on the surface of the crater on electrode C. Figures 7(b) and (c) show SEM images of CNTs inside a crater on electrode D after a single pulse discharge. Some CNTs are partially exposed from the Cu matrix inside a crater on electrode D. As CNT2 is much longer and thicker than other CNTs, and a portion of each CNT is more likely to exist in a domain unaffected by electric discharge, they may be difficult to remove by electrical discharge.
Some spherical deposits are observed on the surface of the exposed CNTs, as shown in Fig 7(c) . The diameter of the exposed CNTs, which is almost 150 nm, did not decrease as a result of electrical discharge but increased by almost 50 nm with the deposits. Figure 8(a) shows the TEM image of the exposed CNT inside a crater on electrode D. Figures 8(b) , (c), and (d) show X-ray images of C-Kα, Cu-Kα, and Fe-Kα of the CNT analyzed by EDS, respectively. Figures 8 (a) and (c) reveal that the spherical deposits consist of Cu elements tens of nm in diameter. Figure 8(d) shows that a few Fe elements adhered to CNTs. The Cu and Fe elements could be generated from melting and solidification of the Cu matrices of the electrodes and workpiece, respectively, by single electrical discharge. These observations and analyses suggest that CNTs can be resistant to pyrolysis at the melting points for Cu and Fe.
Finally, the mechanisms of wear resistance on Cu-based CNT composite electrodes are discussed. In a previous study, it was found that the carbon generated from working oil by electrical discharge adhered to the electrode surface and formed a turbostratic carbon layer under certain EDM conditions. It was proposed that the turbostratic carbon prevents the electrode from spark erosion in EDM (8) . The low wear properties of the CNT composite electrode observed here are thought to be due to the exposed CNTs on the electrode surface, which prevent the electrode from spark erosion in EDM in a manner identical to that of turbostratic carbon. It should be noted that CNT size is important for the retention of exposed CNTs on the electrodes. It is conjectured that electrode D proved to be extremely resistant to wear because it contained the largest CNTs (i.e., CNT2) in the matrix. Figures 9(a) and (b) show schematic illustrations of the wear mechanism of Cu-based CNT composite electrodes containing short and long CNTs, respectively. Although short CNTs initially prevent the electrode from spark erosion, they may be easily removed along with the Cu matrix by electrical discharge because they are short and lie on the surface. On the other hand, long CNTs prevent the electrode from spark erosion, and nested CNTs remain on the electrodes after electrical discharge because a part of each CNT is more likely to exist in a domain unaffected by electric discharge.
In the case of Cu-based CNT composite electrodes, the formation of a carbon layer is independent of the EDM conditions because the carbon is supplied from within the electrode. Given the difficulty of forming carbon layers on electrode surfaces in micro-EDM conditions, we suggest that Cu-based CNT composite electrodes are especially useful for micro-EDM.
Conclusions
The following conclusions were derived from the results and discussions. 1. The wear ratio of Cu-based CNT composite electrodes decreased by 50-72% in relation to that of electrolytic Cu electrodes.
2. The wear resistance of the composite electrodes was dependent on the size, in particular the length, of CNTs. It increased as the length of CNTs increased, presumably because long CNTs are difficult to remove from electrodes by electrical discharge.
3. CNTs can be resistant to pyrolysis at the melting point for Cu and Fe, and prevent the electrode from spark erosion in EDM.
4. Some carbon components including exposed CNTs were present inside craters formed on the electrodes by single pulse discharge. The wear resistance of the composite electrodes was related to the presence of a carbon layer with exposed CNTs on the electrode surface.
